Abstract Advanced transparent ceramics with high chemical and thermal stability are gaining increasing interest as replacement of glass-based materials in technical window applications. The mechanical reliability and performance of transparent MgAl 2 O 4 with a grain size of 5 lm has been characterized at ambient temperature using micro-mechanical indentation and macroscopic bending tests. The measurements focused on elastic modulus, fracture toughness, crack kinetics, and strength, the latter analyzed with Weibull statistics. The effect of slow crack growth is assessed using a strength-probability-time plot. Complementary fractography by optical, confocal and scanning electron microscopy provided a correlation between failure origin and fracture stress. The results and reliability aspects are discussed in terms of linear elastic fracture mechanics.
Introduction
Ceramics are increasingly used for a variety of technical applications where either specific functional or structural properties or both are needed. Also the transparent variants of the ceramics have gained importance for specific use in window applications.
In general, for this functional application the mechanical properties are expected to be sufficient to warrant the structural integrity of the component. However, for high temperature applications concern must be also partly directed from transparency to thermal, chemical and thermomechanical stability and for ceramic amour in windows application the mechanical properties and optical aspects are equally important [1] .
Sapphire, spinel, AlON, and magnesia are transparent oxide ceramics currently under consideration for example for ceramic armor window applications. One of the industrial development targets is to increase the low strength level and to produce at low cost a highly reliable transparent ceramic. Magnesia spinel (MgAl 2 O 4 ) seems to be appropriate for reaching this goal by material modifications and improvement of the fabrication process. Good mechanical properties and transparency were obtained changing powder composition, as well as the sintering and hot isostatic pressing (HIP) parameters. Mechanical characterization data of transparent polycrystalline spinels with hardness 14-17 GPa, Young's Modulus 260-280 GPa, flexural strength 185-300 MPa and fracture toughness 1.5-2.2 MPa m 0.5 have been previously published [2] [3] [4] [5] [6] [7] . In this study, results are presented from mechanical measurements on a MgAl 2 O 4 material obtained from a reasonably cheap processing route. However, the main focus of this study is directed to different micro-and macro-mechanical fracture tests and their comparison with non-destructive characterization approaches. Elastic modulus, fracture toughness, and fracture strength have been measured as important properties to characterize the mechanical behavior of the brittle MgAl 2 O 4 , but also the effect of environment assisted subcritical crack growth and its relationship to humidity was considered.
The elastic modulus was determined using bending, indentation [8] , and impulse excitation tests after ASTM E 1876-01. Values for the fracture toughness were derived from the length of indentation cracks and from the fracture stress obtained with the so-called indentation strength method, where pre-indented specimens are fractured in bending tests [9] . The fracture strength was determined by the statistical Weibull analysis [10] . The use of characteristic strength and Weibull modulus provides the basis for a predication of the failure probability under any particular stress state. In addition, the sensitivity to subcritical crack growth (SCG) was evaluated measuring the stress rate dependence of the fracture strength of plates in ringon-ring test geometry. Furthermore fractographic investigations of tested specimens were carried out using optical, confocal and scanning electron microscopy to determine the fracture path and to trace failure relevant defects.
Experimental
In the following sections the experimental details on the material, the micro-and the macro-mechanical tests are summarized.
Material
A nano-sized MgAl 2 O 4 spinel powder with a specific surface area BET of 30 m 2 /g and purity of more than 99.9% was used as raw material. This powder was dispersed with a stirred media mill in water to form slurry with 50 mass% solid. As plasticizer polyvinyl alcohol and ammonium stearate were used. This slurry was spray dried, and then uniaxially pressed on a Herzog HP40 laboratory press. Thereafter the green samples were debindered at 700°C for 2 h, sintered at 1550°C in a Nabertherm HT40 furnace and afterwards hot isostatically pressed at 1650°C and 200 MPa in an EPSI HIP. The average grain size (defined by an equivalent circular diameter) was 5 lm (see Fig. 1 ).
No indications of a bi-modal distribution could be found. The transparency of the material is 82.5% in-line transmission and 74.5% real in-line transmission.
Different batches were provided for the mechanical tests. To get a surface with good optical quality, the disk shaped samples were prepared by a three step grinding and polishing procedure to obtain a final circular dimension of D *27 mm in diameter and thickness values between 0.5 and 2.8 mm. The maximum thickness variation of each specimen was smaller than 50 lm. In the case of strength tests all specimens of one batch had identical thicknesses.
Micro-mechanical tests
Depth-sensitive indentation testing was used to determine hardness, elastic modulus, and fracture toughness [11, 12] . The methodology for hardness and elastic modulus measurements from depth-sensitive indentation tests is based on ISO 14577. Experiments were carried out using both a Fischer HC100 indentation system and a combined nanomicro indentation set-up (CSM, Switzerland). Indentations were performed using loads between 0.1 and 20 N. For low loads the number of indents was *20, whereas for higher loads a sufficient statistical analysis could be obtained using 10 measurements. In addition, depth-sensitive indentation testing was also used to determine a fracture toughness value [11] .
Macroscopic bending test
Before the bending tests, the elastic modulus of each specimen was determined using an impulse excitation method. The measurements were carried out with Grindosonic equipment (Lemmens KG, Belgium) based on ASTM E 1876-01.
Biaxial ring-on-ring bending test followed the procedure given in ISO 1288 permitting a simultaneous assessment of elastic modulus and fracture stress for thin plates. The specimens were mounted between a loading (top) and support ring (bottom), both machined from alumina. Alumina ceramics were also used for the upper pushing rod and the lower tubular support piston. The arrangement provided high temperature stability, stiffness, and an uniaxial load train. The displacement was measured in the center of the specimen with a ceramic extension rod attached to a linear variable differential transformer (Sangamo, LVDT, range ± 1 mm, precision 1.25 lm). The load was determined with and 10 kN load cells (Interface 1210 ACK). The temperature was monitored during the test close to the outer specimen surface with a thermocouple. In all measurements the load-displacement curves have been corrected for the compliance related deformation of the set-up. All tests were carried out with fixed support and load ring diameters (D s = 19 mm and D l = 9.4 mm). The respective relationship for the fracture stress in the ringon-ring test was:
where r 1 , r 2 , and r 3 are radii of load ring, support ring, and observable sample, respectively. F is the applied force, v is the Poisson's ratio, and t is the thickness of the sample. The relationship for the Young's modulus E can be derived from:
where f(a) is a function of the loading geometry. Inserting the relevant relationships yield the standard relationship (see ISO 1288):
To test the validity of this relationship, specimens were machined and polished to different thickness levels. The fracture stress was analyzed using a linear regression method based on two parameter Weibull statistics [13] :
where P f is the failure probability, m is the Weibull modulus, r is the individual fracture stress value, and r 0 is the characteristic strength. The failure probability is allocated to the fracture stress data as outlined in [14] . The standard deviation of Weibull modulus s(m) and characteristic strength s(r 0 ) were estimated as outlined in [13] . Note that the characteristic strength is a rather weak parameter to assess the reliability of a brittle material since it is basically the fracture stress for a failure probability of 63.2%. To warrant the stability of a material, in addition to a consideration of the decrease due to larger deformed volumes in real application, usually fracture stresses for failure probabilities of 10 -6 or 10 -3 should not be exceeded. This limit can conveniently be determined using Eq. 4.
The slow crack growth (SCG) was tested using biaxial bending under different loading rates at room temperature. The experiments for SCG analysis were performed by using three loading rate decades with 10 tests at a stress rate of 3.6 9 10 -2 , 10 tests at 3.6 9 10 -1 , and 19 tests at 3.6 MPa/s. In fact, it has been shown that the fracture strength is correlated with the stress rate _ r for a particular stress rate via [15] :
where n and D (in MPa/s) are SCG parameters. The results of Eq. 5 can serve as basis to estimate the long-term reliability of the ceramic design material. Presenting the failure probability as a function of stress versus time a strength-probability-time (SPT) diagram can be derived as a practical tool for long-term failure prediction. To apply the SPT method, the stresses are condensed to an equivalent stress (r 1s ). The characteristic strength r f measured at a stress rate of _ r is converted into an equivalent stress that would have caused the sample to fail in 1s time with a fracture probability of P f = 63.2% [16, 17] :
In addition to using disks to determine the biaxial strength, disks were also used to determine fracture toughness by the indentation strength method (ISM), a combination of crack introduction by indentation and biaxial bending of such a pre-cracked specimen. This ISM [9] provided complementary fracture toughness results. The fracture toughness was calculated as [18] :
Fractographical studies of the fractured pieces were carried out first using an optical microscope (Zeiss, Axiomat), following by higher resolution investigations using color 3D laser confocal microscope (Keyence, VK-9700) and scanning electron microscope (SEM) (Zeiss, Supra 50).
Results and discussion
The elastic modulus value derived from the bending tests appeared to decrease slightly with increasing specimen thickness (Fig. 2) . Starting from a value of *270 GPa the data for larger thicknesses decrease by *15%, however, overall the effect is close to the limits of uncertainty (*15%). Shear stresses might have affected the results for thicker specimens, where the thickness is no longer small compared to the distance between load and support ring. According to ASTM C1499 and ISO 48:1994, the ratio of support to load ring diameter should not exceed 0.5 and the biaxial test specimens should not be thicker than D s /h = 10 (where D s is the support ring diameter and h is the thickness of the sample). The recommendation from ASTM C1499 was verified via finite element simulation [19, 20] .
The elastic value of *270 GPa determined with specimens of small thickness (*1 mm) agrees within the limits of uncertainty well with the average elastic modulus measured with an impulse excitation technique (*270 GPa). Note that elastic recovery from depth-sensitive indentation yielded a 20% lower value (*210 GPa) which might be related to the surface effects but still needs further experimental verification.
The fracture stress measurements yielded an average strength of r f = 155 ± 25 MPa taking all batches (*150 specimens) into account ( Table 1 ). The fracture stresses did not show a strong dependence on specimen thickness. According to ASTM C1499, which is for strength not stiffness, the stress is less sensitive to thickness variations (E = f(t 3 ) and r = f(t 2 )). From the Weibull representation of the results (Fig. 3) , a characteristic strength of r 0 = 177 ± 10 MPa is obtained. The Weibull modulus m * 6 ± 2 is rather low, reflecting the scatter of the results.
In general, the number of fractured pieces in the biaxial ring-on-ring tests appeared to scale with the fracture stress (Fig. 4) i.e., more pieces at high fracture stresses. Similar fracture patterns as reported by Quinn [21] were observed. Characteristic positions (kinks and crack undulations) of specimens with low fracture stress were chosen for the subsequent fractographic analyses. Coarse grained agglomerates on optical as well as SEM images could be identified as failure origins (Fig. 5) . The results confirm a strong influence of the surface preparation and surface damage on strength. The shape of such defects can be used to estimate the size of the failure causing cracks. Values extracted from fracture surfaces yield initial flaws up to 400 lm. The examples shown in Fig. 5a , b have sizes of 200 and 230 lm, respectively.
An assessment of the slow, environment assisted, crack growth sensitivity of MgAl 2 O 4 can be derived from strength values measured as a function of the loading rate. Figure 6 depicts the result in a graphical representation based on Eq. 5.
The SCG parameters of the investigated transparent MgAl 2 O 4 are n *50 and D *140 MPa. RT values of n *8-22 have been reported for soda lime glass and n *37-50 for Al 2 O 3 [22] . Contrary to the SCG sensitive soda lime glass, the high n value of MgAl 2 O 4 is similar to that of Al 2 O 3 and indicates little influence of humidity on crack growth. In ceramics with a high crack growth parameter n the crack velocity is rapidly increasing with a small increase of the crack driving force [15] . The validity of Eq. 5 is limited to a certain level of applied stress rates where the bending strength no longer increases with increasing stress rate [23, 24] . In the current investigation, the loading rates appear to be too low to expect that the values get close to such an inert strength even at the highest used loading rates. Note, that the practical absence of SCG facilitates the utilization and evaluation of micromechanical indentation tests. Fig. 2 Apparent elastic modulus as a function of the specimen thickness. Results are plotted as derived from load-displacement curves in ring-on-ring bending tests. For comparison also the geometry independent data from indentation and impulse excitation tests are displayed Combining r 1s = 177 MPa as characteristic strength with the results of Eq. 5 and Weibull modulus m = 6 (Fig. 3) a SPT diagram can be derived. The series of parallel lines in Fig. 7 are plotted with spacing between the lines of ln(z)/n, where z is the time (in s) under constant load [17] . Based on the SPT diagram, the design stress for an acceptable failure probability can be estimated. As an example, Fig. 7 reveals that the maximum stress for a lifetime of 40 years should not exceed 56 MPa to warrant a failure probability of 1%.
Indentation tests were applied to determine not only the elastic behavior but also the hardness and the indentation fracture toughness (Table 1) . Since there is general concern whether toughness can be determined correctly by indentation methods [25] , the expression ''indentation fracture toughness: K ind '' is used subsequently. Based on a relationship suggested by Niihara [26] , a value of K ind = 1.8 ± 0.1 MPa m 0.5 was obtained independent of the applied load (1-10 N) . Complementary, also ring-onring bending tests with pre-indented specimens (ISM) [9] were used to determine the fracture toughness (K ISM ) of this material.
In the ISM test, typically up to four impressions of identical load (9.8 N) were placed inside the tensile specimen surface defined by the loading ring area on the opposite surface. It was verified fractographically on every sample that failure in the ring-on-ring bending test always occurred from one of the impression cracks. In fact, the validity of the ISM evaluation method depends also on the crack extension before failure which is affected by existing or changing residual stresses around the impression. Hence, the crack extension was measured before and after the test. The reduction of the average fracture stress due to the preindentation cracks of c 0 = 67 lm was *35%, verifying again that indentation cracks were the failure sources in these bending tests. During the bending experiment, the indentation induced residual stress field results in a subcritical (stable) growth of the indentation induced crack. This effect is considered by the calibration factor A, which was derived experimentally as 0.59 in Eq. 7 [18, 27] . The basis of this calibration value is that the ratio between the maximal crack length after stable crack growth c m (just before catastrophic specimen failure) and the initial indentation induced crack length c 0 which is (c m /c 0 ) 3/8 = 1.34 3/8 . In this study, c m was 130 ± 10 lm and hence the ratio 2 3/8 yielding a 16% larger A factor. Hence, using Eq. 7 with a 16% larger A factor a value of K ISM *1.9 MPa m 0.5 was obtained which is similar to the K ind results and an additional verification of the used methodology.
Finally, the results of the mechanical tests can be examined with respect to consistency in fracture mechanics. Using the general failure criterion for brittle fracture K ind = r f ÁYÁHc (where Y is the coefficient depending on the position and shape of the crack as well as the specimen size) the fracture toughness results can be combined with the ring-on-ring fracture stress measurements to calculate the flaw size c. The result should match to the experimental observations of defect sizes from fractography. Taking for the geometry factor Y = 1.3 reveals good agreement between calculated and measured size. Based on the failure criterion flaw sizes of 130 and 200 lm are calculated for the specimens (a) and (b) in Fig. 5 , whereas the direct flaw size measurements yield 200-230 lm, respectively.
Conclusions
Mechanical properties of a transparent MgAl 2 O 4 spinel were determined. The characterization focused in particular on elastic modulus, fracture toughness and strength. The fracture stress values were statistically evaluated using a Weibull distribution to permit an assessment of the failure probability. The effect of SCG, which was analysed on the basis of stress rate dependent strength measurements, appeared to be negligible. Fractography revealed surface defects as dominant fracture origin. Toughness measurements from indentation cracks and from the fracture stress of indentation strength in bending tests showed similar results. Good agreement was obtained between the flaw sizes calculated with the brittle fracture mechanics criterion and the direct fractographic observation.
